The cyanobacterial radiation consists of several lineages of phyletically (morphologically and genetically) related organisms. Several of these organisms show a striking resemblance to fossil counterparts. To investigate the molecular mechanisms responsible for stabilizing or homogenizing cyanobacterial characters, we compared the evolutionary rates and phylogenetic origins of the small-subunit rRNA-encoding DNA (16S rDNA), the conserved gene rbcL (encoding D-ribulose 1,5-bisphosphate carboxylase-oxygenase large subunit), and the less conserved gene rbcX. This survey includes four categories of phyletically related organisms: 16 strains of Microcystis, 6 strains of Tychonema, 10 strains of Planktothrix, and 12 strains of Nostoc. Both rbcL and rbcX can be regarded as neutrally evolving genes, with 95 to 100% and 50 to 80% synonymous nucleotide substitutions, respectively. There is generally low sequence divergence within the Microcystis, Tychonema, and Planktothrix categories both for rbcLX and 16S rDNA. The Nostoc category, on the other hand, consists of three genetically clustered lineages for these loci. The 16S rDNA and rbcLX phylogenies are not congruent for strains within the clustered groups. Furthermore, analysis of the phyletic structure for rbcLX indicates recombinational events between the informative sites within this locus. Thus, our results are best explained by a model involving both intergenic and intragenic recombinations. This evolutionary model explains the DNA sequence clustering for the modern species as a result of sequence homogenization (concerted evolution) caused by exchange of genetic material for neutrally evolving genes. The morphological clustering, on the other hand, is explained by structural and functional stability of these characters. We also suggest that exchange of genetic material for neutrally evolving genes may explain the apparent stability of cyanobacterial morphological characters, perhaps over billions of years.
The current species diversity of the cyanobacterial radiation comprises several lineages of phyletically (morphologically and genetically) related organisms (26) . An intriguing question is whether this reflects stability of cyanobacterial characters or whether the phyletic similarities originate from relatively recent common ancestors. Analyses of precambrian microfossils (superficially, hardly distinguishable from recent cyanobacteria) support the view of retention of cyanobacterial properties (1, 11, 28) . However, on the basis of molecular data, a 2-billion-year-old mutual ancestor for prokaryotes has been suggested (5) , implying that the similarities between the earliest records of cyanobacteria and present-day species do not reflect homologies but rather indicate analogies. In this context, the phyletically clustered groups may reflect a relatively recent divergence of the modern species.
In this work we have addressed, by molecular evolutionary studies, the mechanisms responsible for conserving or homogenizing phyletical characters within groups of cyanobacteria. We investigated the evolutionary rates and origins for two genomic regions, by analyzing strains both within and among groups of phyletically related organisms. This was done by comparative analysis of the small-subunit rRNA-encoding DNA (16S rDNA), which is conserved by the RNA function (37) , and the rbcLX region with both conserved and less conserved elements. The rbcLX region contains an intergenic spacer (with no identified functional units), the gene rbcX with a possible chaperonin-like function (18) , and the 3Ј end of rbcL (encoding the highly conserved D-ribulose 1,5-bisphosphate carboxylase-oxygenase large subunit [LSU] ) (23) . We analyzed a data set consisting of four phyletically clustered cyanobacterial strain categories, as inferred from microscopic observations and 16S rDNA analysis (26, 31) . The data set includes the Microcystis category (16 strains), consisting of unicellular organisms, the Tychonema (6 strains) and Planktothrix (10 strains) categories, which contain multicellular, filamentous organisms, and the Nostoc category (12 strains), which includes both morphologically and genetically slightly divergent organisms (26, 34) . The strains in this last category share among other features the ability of cellular differentiation to produce heterocysts with nitrogenase activity.
Our sequence data suggest an evolutionary model involving several events of gene transfer between phyletically closely related organisms but not between less related organisms. We propose that this gene transfer has led to the observed sequence homogeneity for the groups of related organisms and that exchange of genetic material stabilizes the function and structure of proteins encoded by neutrally evolving genes. Our gene transfer model may explain the similarity between the fossil and the recent species.
was amplified with the primers CW (5ЈCGTAGCTTCCGGTGGTATCCACGT 3Ј) and CX (5ЈGGGGCAGGTAAGAAAGGGTTTCGTA3Ј). For the Planktothrix category, CW and DF (5ЈGGGCARYTTCCACAKNGTCCA3Ј) were used. The PCR program used consisted of an initial denaturation step at 94°C for 4 min and then cycling with the following parameters: 94°C for 30 s, 40°C for 30 s, and 72°C for 2 min for 2 cycles, then 94°C for 30 s, 55°C for 30 s, and 72°C for 2 min for 38 cycles, ending with an extension step for 7 min. In addition to the PCR primers, the internal sequencing primer DN (5ЈTTGAAGCAATGGATA CCGTCTGA3Ј) was used for the Nostoc category, and primer DL (5ЈTTGGA TTGTGGGTCAGACTTG3Ј) was used for the Planktothrix category.
Phylogenetic reconstruction. The sequences were aligned either manually or by using the multisequence alignment algorithm PILEUP (14) in the Wisconsin package version 8.1 for UNIX (Genetic Computer Group, Madison, Wis.). Phylogenetic trees were constructed with the neighbor-joining method (27) or based on parsimony analysis (9), using the Phylogeny Inference Package (PHYLIP; version 3.5) developed by J. Felsenstein (Department of Genetics, University of Washington, Seattle), and the package Phylogenetic Analysis Using Parsimony (PAUP; version 3.1.1) developed by D. L. Swofford (Illinois Natural History Survey, Champaign). The Kimura two-parameter model with a transversion:transition weight of 2:1 (16) was applied to compute the nucleotide distance matrix, and Dayhoff's PAM 001 matrix (4) was used for calculating the amino acid distance matrix for the neighbor-joining analysis. Bootstrap analysis (8) constituted the basis for inferring confidence of the branch points in the phylogenetic trees. Consensus trees were constructed from 500 bootstrap replicates.
Finally, we tested whether two or more tree topologies generated from different data sets for the same taxa were significantly different. This analysis was done with the Templeton-Felsenstein test (36) for user-defined trees, implemented in the DNAPARS program of the PHYLIP package.
Phyletic structure of the nucleotide alignments. The tree length distribution based on the informative sites for the phylogenetic trees was analyzed by use of either the exhaustive (for 11 taxa or less) or the random tree (for more than 11 taxa) option in the PAUP package. We used the third moment statistics (g1) implemented in this package to determine the randomization value of the informative sites. This value was used to evaluate the phyletic information, according to the criteria given by Hillis and Huelsenbeck (15) . Models for estimating nucleotide substitution distributions. For nucleotide alignments with randomized phyletic structures, the observed frequency distributions of nucleotide substitutions in the alignments were compared to the expected distribution from alignments randomized by independent substitutions and to the distribution given that each of the informative sites in the alignment is due to single substitutions (phyletically informative substitutions).
The frequency of nucleotide substitutions in the model based on mutationally randomized data was calculated assuming a star-like phylogenetic structure: p ϭ m/(n ϫ s), where p is mutational frequency, m is nucleotide substitutions (i.e., sites differing from the 50% majority rule consensus sequence for each subgroup of taxa) for each of the individual sequences in the alignment, n is the number of taxa, and s is neutral positions in the alignment (i.e., third codon position and intergenic spacers). The distribution of sites in the alignment for which a given number of taxa have nucleotide substitutions was then calculated by using the binomial probability distribution
where n is the number of taxa, x is the number of taxa with nucleotide substitutions, and P is the probability for this number of taxa with nucleotide substitutions.
For the scenario where each polymorphic site has arisen once from a single (phyletically informative) substitution, we also assume that the current genotypes have arisen from a common ancestor in an expanding population. In this model, the substitution frequencies are given by p ϭ u/s, where u is the number of polymorphic positions in the alignment and s is the number of neutral positions in the alignment. We assume that each of the periods which have resulted in x ϭ 1 up to x Յ n/2 nucleotide differences per position in the alignment has occupied the same time span during evolution (n is the total number of taxa and x is number of taxa with nucleotide substitutions). Furthermore, we assume that there were (n/x) equally distributed taxa for each of these periods. The frequency distribution per position in the alignment for a given number of taxa with nucleotide is thus inversely proportional to the number of substitutions. Since the integral of the probability density function over the sample space must be 1, a parameter was used to correct the formula. The following probability density function was used in the calculations:
where P is the probability for this number of taxa with nucleotide substitutions.
RESULTS
We have sequenced 16S rDNA and rbcLX regions from a total of 44 strains belonging to the cyanobacterial categories Microcystis, Planktothrix, Tychonema, and Nostoc (Fig. 1 ). This sequence information was used to construct phylogenetic trees and for the comparison of the evolutionary patterns of the regions analyzed.
16S rDNA. In the 16S rDNA region (Fig. 1A) , the sequence divergence between species belonging to different categories varies from 0.1 to 0.15 nucleotide substitutions per position. Notably, a strain isolated from Svalbard (Nostoc sp. strain NIVA-CYA 308) contains a 154-nucleotide (nt) insertion in the rbcLX region, which is highly similar to a 157-nt insertion found in a strain from China (N. commune) (Fig. 1B) . The selfsplicing ability of this insertion was investigated by reverse transcriptase PCR. No amplification products corresponding to a spliced RNA were visible on ethidium bromide-stained agarose gels (results not shown).
Both the rbcL and rbcX genes are subjected to purifying selection, with 95 to 100% and 50 to 80% synonymous nucleotide substitutions for rbcL and rbcX, respectively. There are no significant differences in the percentages of synonymous relative to replacement mutations when strains both within and between the phyletically related groups are compared.
Evolutionary rates for the 16S rDNA and rbcLX regions. The evolutionary rates for the 16S rDNA and rbcLX regions were calculated within and between Nostoc lineages I and II. Within Nostoc lineages I and II, the sequence divergence in the rbcX region is only 2 to 2.5 times that of the 16S rDNA divergence. However, the sequence divergence between lineages I and II displays a 4.5-to 35-fold-higher difference in the rbcX region compared to 16S rDNA (Fig. 2) . The spacer between rbcL and rbcX for Nostoc lineage I and II has a variation in length from 70 to 132 bp. Within the lineages, the sequence divergence is in the same range as for rbcX, both for the spacer and for the rbcL gene, while between the lineages the divergence is on average 1.5 and 0.3 times the variation in rbcX for the spacer and rbcL, respectively (results not shown). For the rbcL gene, only 0 to The rbcX gene, with 20 to 50% replacement substitutions, is also constrained by function, but more mutations are tolerated here. The spacer region, however, displaying the highest evolutionary rate, has probably a low functional constraint.
Comparison of the 16S rDNA and rbcLX phylogenies for the genetically distinct clusters of strains. For this comparison, we used the translated rbcL and rbcX sequences, because the amino acid sequence displays suitable polymorphism for phyletic reconstruction (and the nucleotide sequence has too high variation). Comparison of the phylogeny based on 16S rDNA and the translated (amino acid) sequence of rbcX for the six genetically distinct clusters of strains defined in this work shows the same clustering of strains (Fig. 3) .
There are, however, some discrepancies in the two trees for the branches leading to Nostoc lineages I, II, and III and for the branches leading to Planktothrix and Tychonema. For the branch leading to Nostoc lineage II in the rbcX amino acid tree, this difference can be due to low statistical confidence, as indicated by the low bootstrap support. The branches leading to Planktothrix and Tychonema receive relatively high bootstrap support in both the rbcX amino acid tree and the 16S rDNA tree. However, the branching pattern for these categories is not stable in the rbcX amino acid tree and is dependent on the trains considered in the phylogenetic analysis (results not shown).
The rbcL amino acid tree is generally congruent with the rbcX amino acid tree. The only differences are the branches leading to Nostoc lineages I, II, and III, where the rbcL amino acid tree is congruent with the 16S rDNA tree (results not shown).
Comparison of the 16S rDNA and rbcLX phylogenies for the genetically clustered strains. There is low accordance, using both the neighbor-joining method (Fig. 2) and the maximum parsimony analysis (Fig. 4) , between the 16S rDNA phylogeny and the rbcLX phylogeny for isolates within Nostoc lineages I and II. The only Nostoc strains which are clustered in both the 16S rDNA and rbcLX trees are Anabaena flos-aquae NIVA-CYA 83/1 (AL 2) and 266/1 (AL 1) (Fig. 2 and 4) . The clustering of organisms is highly congruent when results from the two phylogenetic methods are compared (compare Fig. 2 and  4 ). This is exemplified by the strains Aphanizomenon flos-aquae NIVA-CYA 142 (AF) and Aphanizomenon gracile NIVA-CYA 103 (AG), for which 16S rDNAs are grouped with 84% bootstrap support by the neighbor-joining method (Fig. 2B) and with 96% bootstrap support by the parsimony analysis (90% identity for the informative sites [ Fig. 2B and 4B] ). In contrast to rDNA, the rbcLX locus reveals a phylogeny where the strains are relatively distantly related (43% identity for the informative sites [ Fig. 2A and 4A] ). This suggests that the rDNA and rbcLX loci do not have the same evolutionary pattern. The only difference between the parsimony and neighborjoining analyses is the location of Nostoc sp. strain NIVA-CYA 194 (NS 2) for the rbcLX region ( Fig. 2A and 4A) . However, when only the strains in Nostoc lineage II are considered in the neighbor-joining analysis, the branching pattern is congruent with that of the parsimony analysis (results not shown).
The Templeton-Felsenstein test (36) 
FIG. 3.
Comparison of distance trees for the rbcX amino acid sequence (A) and 16S rDNA nucleotide sequence (B) for the six evolutionary distinct clusters described in this work. The strains used in the phylogenetic analysis were selected to include all of the genotypes. The distance matrix for the amino acid sequences was calculated by using Dayhoff's PAM 001 matrix (4), while the 16S rDNA distance matrix was calculated with the Kimura two-parameter model (16) . The trees were built by using the neighbor-joining algorithm (27) from the PHYLIP package. The numbering at nodes indicates the percentage of that branch in 500 bootstrap trees (8) .
DNAPARS program in the PHYLIP software package was used to test whether the rbcLX and 16S rDNA tree topologies are significantly different. In this analysis, we assumed that the 16S rDNA topologies correlate with the true phylogeny. The shortest trees generated with both the rbcLX and 16S rDNA data were used as user-defined trees on the rbcLX data set. For Nostoc lineage I, the rbcLX and 16S rDNA topologies were significantly different (variance in step differences as determined by the step differences at individual positions [Its SD] ϭ 5.20. However, for Nostoc lineage II the topological differences were not significant (Its SD ϭ 1.73).
Although not strongly supported statistically, strains in the Microcystis category can also have different evolutionary patterns for 16S rDNA and rbcLX. Strains NIVA-CYA 118/2, 169/7, 161/1, 144, 264, and 324/1 have T in position 234 relative to the published 16S rDNA sequence for Microcystis aeruginosa NIVA-CYA 43, while the other strains have C at this position. Based on informative sites in the rbcLX region, two phyletic clusters could be identified. These clusters are composed of strains NIVA-CYA 264, 324/1 and 161/1 and strains NIVA-CYA 57 and 144, respectively (Fig. 5) .
There are no informative sites for the Planktothrix category for 16S rDNA. There are, however, two phyletic clusters of sequences for the rbcLX locus (supported by five of six informative sites). Planktothrix strains NIVA-CYA 29, 299, 56/1, 11, and 65 have the informative sites CTTTA, while strains NIVA-CYA 116, 18, 320, 1 and 55 have the informative sites TCGCG. There are no informative sites in either rbcLX or 16S rDNA for the Tychonema category.
Phyletic structure of the 16S rDNA and rbcLX nucleotide alignments. Using the exhaustive and the random tree search in the program package PAUP, we determined the tree length distribution of the data. The exhaustive tree search was used for data consisting of 11 or fewer taxa, while the random tree search with 100,000 replicates was used for more than 11 taxa.
The third momentum statistics of the three lengths for each set of trees were calculated, and phyletic structure was evaluated according to the criteria given by Hillis and Huelsenbeck (15) . Both for Nostoc lineage I and Nostoc lineage II, the 16S rDNA data have a significant phyletic structure ( Table 2 ). The situation, however, is different for the rbcLX locus. The Planktothrix data do not have significant phyletic structure, because only one branch in the phylogenetic tree is supported by the five informative sites (Table 2 ). There is some phyletic structure for Microcystis, i.e., for informative sites 1, 2, 6, 7, and 15 shown in Fig. 5 . However, when strains NIVA-CYA 57, 144, 264, 324/1, and 161/1 are omitted in the phylogenetic analysis (Fig. 5) , the phyletic structure is lost (Table 2) . Finally, the analysis shows that there are no phyletic structures in the rbcLX locus for Nostoc lineages I and II (Table 2) .
Nucleotide substitution distribution for the rbcLX locus. The observed distribution of nucleotide substitutions for the rbcLX locus was compared to the distribution expected for random independent substitutions and to the expected distribution for phyletically informative substitutions (see Materials and Methods). As inferred from Fig. 6 , the observed distributions resemble the distribution based on the assumption of phyletically informative substitutions. Thus, the inference from this is that each separate informative site is phyletically informative (from the definition of a single substitution), while the combination of these sites in phylogenetic reconstruction resembles randomly generated data ( Table 2) .
In Nostoc lineage II, the distribution of informative sites fits a distribution consisting of blocs of sequences with different evolutionary affiliations (Fig. 7) . This is particularly exemplified by the distribution of informative sites in the comparison of strains AL 1 and AL 2. All first 4 informative sites are different, while the next 10 informative sites are identical. As- FIG. 6 . Analysis of the frequency distribution of substitutions in the rbcLX alignment for Nostoc lineage I (A), Planktothrix (B), Microcystis (C), and Nostoc lineage II (D). The frequency distributions of positions in the alignments, where the number of taxa with 1 up to Յn/2 nucleotide differences from the consensus sequence for each subgroup of taxa, were determined for a model based on independent substitutions (black bars), phyletically informative substitutions (gray bars), and observed distribution (white bars). These distributions were calculated as described in Materials and Methods. (15) . For informative sites with phylogenetic information, P Ͻ 0.01; for randomized informative sites, P Ͼ 0.05. Usually Յ10% phylogenetic information is sufficient to skew the distribution beyond the 95% confidence limits of the random distribution.
c Strain NIVA-CYA 57, 144, 264, 324/1, and 161/1 were not considered in this analysis (see Fig. 5 ).
suming that these two sequences have diverged by four random substitutions, the probability P (d 0 Յ d) ϭ (10 ϫ 10! ϫ 4!)/14! ϭ 0.00999, where d is the observed distance between the substitutions, and d 0 is the distance expected for the substitutions from a random data. A mosaic data structure is also suggested from the distribution of the six informative sites for the Planktothrix data. Four of these sites are located within 80 of the 3Ј nucleotides in the 990-nt alignment. We could, however, not easily identify such mosaic structures in the Microcystis or the Nostoc lineage II data ( Fig. 4A and 5 ).
DISCUSSION
Data structure of the rbcLX locus. Assuming that the sites in the spacer between the rbcL and rbcX genes and the third codon position in protein coding genes are neutral, we estimated that there are less than 13.8% polymorphic neutral sites in the rbcLX region for the clustered groups. Based on these observations, we find it unlikely that our data are subjected to errors caused by mutational saturation, which would require Ն75% probability of nucleotide change (15) . The randomization values for the rbcLX locus (Table 2) are quite intriguing because only Յ10% phylogenetic signal is usually sufficient to skew the tree length distribution beyond the 95% confidence limit of the random distribution (15) .
It can be argued that the above estimate of neutral sites is an overestimate and that there are only a few hypervariable sites in our alignments. But since it is not the same positions that are variable and informative in the alignments for the different groups, we exclude this possibility. Another possible explanation for the randomization of the informative sites in the alignments is that the rbcLX gene region has branched at a distinct point during evolution, and the informative sites therefore are caused by two or more independent substitutions (although the sequences are not saturated by mutations). A consequence of such a model is that the clustering of organisms seen for the rbcLX trees in Fig. 2A and 4A does not reflect the true phylogeny. Nevertheless, the conclusion drawn from the Nostoc data, according to this model, is that the evolutionary pattern for rbcLX is different from that for 16S rDNA. However, the multiple independent substitution model would imply a random distribution of substitution for the neutral nucleotide positions in the alignment, which is clearly not observed (Fig. 6) . Thus, the low phyletic signal, according to the criteria given by Hillis and Huelsenbeck (15) of the informative sites in the alignments, cannot be explained by multiple independent substitutions.
Our results suggest that each separate informative site in the rbcLX alignment is due to single substitutions (phyletically informative), while the combination of these sites in phylogenetic reconstruction yields a random tree length distribution. This observation can be explained only by recombinational events between the informative sites. Notably, mosaic structures for the informative sites in Nostoc lineage I further support recombinational events within the rbcLX locus (Fig. 7) (6,  21, 35) .
The seemingly random tree length distribution for the rbcLX data (Table 2) could be due to the fact that the tree topologies involving all of the informative sites are compositions of different topologies based on subfragments of the data. Although the rbcLX topologies for Nostoc lineages I and II have low phyletic structure, according to tree length distribution criterion, these topologies receive high support from the bootstrap criterion. Furthermore, the rbcLX tree topology is significantly different from the 16S rDNA topology, according to the Templeton-Felsenstein test (36) for Nostoc lineage I. On the other hand, more sequence data and taxa are needed to rigorously resolve the question about the 16S rDNA and rbcLX topologies for Nostoc lineage II. Taken together, however, our results suggest recombinations between the rbcLX and 16S rDNA loci (intergenic recombination) in addition to the previously discussed recombinations within the rbcLX locus (intragenic recombination).
Possible mechanisms for exchange of genetic material. Transformation is so far the only known biological mechanism for exchange of chromosomal DNA in cyanobacteria (19) . For incorporating DNA into the genome, homologous recombination is a ubiquitous mechanism in eubacteria (19) . For homologous recombination in Escherichia coli, there is a sharp decline in the number of recombinants with decreasing sequence identity. Compared to the frequencies for a fragment with 100% similarity in a 400-bp region, there were 42-and 300-fold decreases of cointegrate formation for fragments with 90% and 65 to 70% identity, respectively (30) . Accordingly, stable exchange of genetic information solitarily within closely related groups of cyanobacteria observed in this work can be explained by homologous recombination frequencies (20) .
However, there are also other possible mechanisms for genetic exchange solitarily within genetically clustered groups. These mechanisms involve, for example, conjugation, transducing bacteriophages, simultaneous competence, recognition sequence, restriction modification barriers, or codon usage (19) . The exchange of genetic information could also be an intrinsic property of the rbcLX locus and not a general mechanism. The knowledge of the physiology and genetics involved in the process of exchange of genetic material is, however, limited to a few microorganisms mainly of medical interest. Further studies addressing these mechanisms in aquatic organisms and habitats are necessary (19) .
Models for explaining the sequence homogeneity within the phyletically clustered groups of organisms. The most restrictive explanation for the sequence homogeneity within the clustered groups of organisms is that each cluster has evolved relatively recently from their common ancestors. However, recent common ancestors cannot explain the differences in relative evolutionary rates within, as opposed to among, the genetically clustered groups for rbcX compared to 16S rDNA. In Nostoc lineages I and II, the rbcX divergence between, relative to within the clusters, is 3 to 3.5, while for 16S rDNA this ratio is 0.2 to 1.5 (this effect is not as profound for the rbcL locus, because LSU is highly conserved by function). Presupposing a recent common ancestor, one should expect the opposite result of what we observed (i.e., lower ratios for rbcX compared to 16S rDNA). This is because the neutral sites in protein-coding sequences are relatively rapidly saturated by mutations, leading to a slower evolutionary rate for distantly related species than for closely related species (17) . rRNA, on the other hand, has a high degree of functional constancy, resulting in a relative clock-like evolutionary rate (i.e., similar rates for closely and distantly related strains) (37) .
The high level of neutral mutations compared to replacement mutations both within and among the clustered groups argues against periods of positive selection, e.g., in a speciation process (22) . Although periods of positive selection can explain both the resemblance of the fossil and the recent species and the DNA sequence homogeneity within the clusters, these mechanisms cannot be used as an explanation model for the phyletic clustering of the modern species.
Concerted evolution, however, can be used as a possible model for the phyletic clustering of the modern species. Furthermore, concerted evolution can be explained by the genetic exchange within the clustered groups, as inferred from our data. The high degree of sequence similarity for strains within, as opposed to between, the groups for the rbcX gene is according to this model caused by a relatively higher frequency of transfer of genetic material for this locus compared to 16S rDNA. This argument is also supported by the fact that 16S rRNA is encoded by multicopy genes and that it interacts in a large macromolecular assembly. rRNA is probably more resistant to gene exchange than assemblies which are encoded in a single operon, such as the rbcLXS operon.
Macroevolution of cyanobacterial characters. In the fossil records, stasis-evolutionary lineages that persist for long periods without change of macroevolutionary (morphological) characters-is common. This led to the theory about punctuated equilibrium, stating that macroevolutionary characters are stable for long time periods, interrupted by short periods of their abrupt changes (12) . However, for molecular characters (amino and nucleic acid sequences), the comparison between the time of divergence and the molecular divergence for different species gave rise to the neutral theory of molecular evolution (17) . This theory, in contrast, states that the evolution of molecular characters is gradual and clock-like. Although not currently widely accepted, a view of macroevolution-phyletic gradualism-is that morphological characters also can evolve in a gradual fashion (29) .
Fossil specimens of cyanobacteria are in many cases rather well preserved, providing similar characters used for the microscopical identification of living species. Of particular interest are organisms with distinct morphological features, such as some species in the taxonomic group Entophysalidaceae. Golubic and Hofmann (11) compared a 2.2-billion-year-old specimen with two modern Entophysalis species. They showed that the fossil and the modern species are morphologically comparable (in cell shape and in the form and arrangement of originally mucilaginous cellular envelopes). Both the fossil and the current species form microtexturally similar stromatolitic structures in comparable intertidal to shallow marine environmental settings. Taken together, the data provide relevant evidence that the fossil cyanobacteria were homologs and not analogs to the recent species.
However, this contradicts the presumed 2-billion-year-old common ancestor of prokaryotes and eukaryotes (5) . Nevertheless, this estimate has lately been criticized by several authors as an underestimate (10, 13) . Based on our data, we propose an alternative explanation model for this discrepancy. We suggest that only the highly conserved genes used in the estimations could share approximately 2-billion-year-old common ancestors (as discussed below).
Preservation of macroevolutionary characters by exchange of genetic material for neutrally evolving genes. The work of Stulp (34) has shown that organisms belonging to Nostoc lineage I can occupy different distinct ecological niches, which indicates that they may have diverged by selection for some characters while still exchanging genetic material at the rbcLX locus. Although not thoroughly investigated, this is probably also the case for the other phyletically clustered groups of organisms defined in this work.
Based on a theoretical model, Cohan (2, 3) has deduced that a relatively high level (in prokaryotic terms) of genetic exchange allows differentiation of ecologically selective genes while maintaining ongoing exchange of genetic material for neutrally evolving genes. In this regard, the rbcLX locus examined in this work has the evolutionary pattern expected for a neutral gene locus. Our molecular results show that the divergence between the different bacterial groups (e.g., Nostoc lineages I, II, and III) for the rbcLX locus has mainly been caused by neutral mutations, suggesting homogenization within these groups through neutral gene exchange.
In general, mutations in neutrally evolving genes are most likely to be either indifferent or negative (17) . Harmful mutations are removed by selection, while slightly negative mutations may become fixed in the population through linkage with positive mutations or through genetic drift. It is interesting that proteins encoded by neutrally evolving genes can diverge with more than 70% amino acid substitutions and still have a conserved function and three-dimensional structure (24) . Thus, there has to exist a strong selection pressure to maintain protein structure and function. The mechanisms responsible for conserving protein structure and function are not likely to be fundamentally different from the mechanisms conserving macroevolutionary characters, because macroevolutionary characters reflect protein function and structure at a higher level of complexity. In terms of neutrally evolving genes, the major obstacle is then to protect the structure and function of the gene products from being lost by fixation of slightly negative mutations in the population. The exchange of genetic material could therefore be a means of protecting what has been invented during billions of years of evolution from being lost by random events. This can contribute to explain the apparent stability of macroevolutionary (morphological) characters, perhaps over billions of years (28) .
An interesting interpretation of the results of Doolittle et al. (5) , in light of our results, is that the neutral evolving, highly conserved genes used in their calculations shared approximately 2-billion-year-old common ancestors because of exchange of genetic material (see discussion above), while these organisms had diverged at their adaptive genes, giving them different phenotypes. Exchange of genetic material for neutrally evolving genes should be a serious concern for dating prokaryotic divergence by use of molecular clocks, especially clocks calibrated based on eukaryotic species.
Morphological and molecular clustering of modern cyanobacteria. Finally, we suggest that the morphological clustering of the living cyanobacteria reflects stability through structure and function of relevant characters. The DNA sequence clustering is a result of sequence homogenization and concerted evolution by exchange of genetic material for neutrally evolving genes. Those conclusions are in accordance with both the theory of punctuated equilibrium and the neutral theory of molecular evolution.
